Purpose The main objective of the present study was the investigation of possible influence of lens opacification on macular pigment optical density (MPOD) measurements. Methods Eighty-six eyes of 64 patients (mean age 73.4 ± 8.3 years) were included in the study. MPOD was prospectively measured using the one-wavelength reflection method (Visucam500, Carl Zeiss Meditec AG) before and after cataract extraction, with implantation of a blue-light filtering intraocular lens (AlconSN60WF). The median of the maximum optical density (MaxOD) and the median of the mean optical density (MeanOD) measurements of macular pigment across the subject group were evaluated. Results Statistically significant differences were noticed between pre-operative and post-operative measurements, the absolute values were generally lower after cataract extraction. The following median (lower/upper quartile) differences across the group were determined: MaxOD Conclusions As established by comparison of pre-to postoperative measurements, cataract presented a strong effect on MPOD measured by one-wavelength reflection method. Particular care should therefore be taken when evaluating MPOD using this method in elderly patients with progressed stage of cataract. Future optimization of correcting parameters of scattered light and consideration of cataract influence may allow more precise evaluation of MPOD.
Introduction
Macular pigment (MP) has become the focus of much research in recent years. The interest is focused on the protective role of MP as well as on the ability to measure the macular pigment optical density (MPOD) with different methods in vivo.
MP is a yellow carotenoid pigment which is located in receptor axons and in the inner plexiform layer of the retina [1] [2] [3] . The highest density of the MP is concentrated in the foveal region of the macula, and decreases approximately exponentially towards the periphery [4] . MP consists of retinal carotenoids lutein, zeaxanthin, and meso-zeaxanthin. Carotenoids are part of natural pigments which are synthesized de novo by plants and some microorganisms for photoprotection and coloration [5] . Due to the fact that humans are not able to synthesize carotenoids, MP is entirely of alimentary origin.
The role of MP in various aspects of visual performance has been evaluated and reported by several studies. In particular, the role of visual acuity, contrast and glare sensitivity, photostress recovery, and color vision are attributed to MP [6] [7] [8] [9] [10] [11] [12] . However, the increased interest in MP in recent years has been justified not only by these characteristics but also by its protective role in the fovea, where MP is commonly assumed to act as an antioxidant and as an optical filter for blue light, the most phototoxic region of the visible spectrum of the light [13] [14] [15] .
Although underlying pathomechanisms of various macular diseases (e.g., central serous chorioretinopathy [16] , agerelated macular degeneration (AMD) [17] and idiopathic macular telangiectasia [18] ) are until today not completely understood, it has been considered that MP plays an important role in diagnostic and treatment methods of such conditions.
Reduced MPOD levels were shown by patients with early stage of AMD or a family predisposition for this disease in comparison with healthy subjects [17, [19] [20] [21] . Also Wüstemeyer detected in his 2002 study statistically significant higher MPOD values in healthy subjects in comparison with patients with dry AMD [23] .
Furthermore, growing evidence exists that MPOD can be increased by a carotenoid-rich dietary modification [24, 25] or by the ingestion of supplements such as lutein and zeaxanthin in healthy subjects or patients with beginning stages of AMD [26] [27] [28] .
The longstanding suggestion of the importance of MP monitoring over time can be confirmed by several other studies which identify the long-term influence of supplementation on the course of the disease [26, 27, [29] [30] [31] [32] . Furthermore, it was possible to show a positive influence of supplementation of lutein and zeaxanthin on drusen morphology [33] .
To sum up, the longitudinal measurements of MP are potentially useful for uncovering predictors of particularly early stages of AMD, and for providing information about disease progression and success of supplementation with lutein and/or zeaxanthin or any another treatment.
Since the importance of MP measurements became more understandable, various different methods to measure the MP have been developed. In-vivo measurement techniques of the optical density of MP can be divided into two categories: subjective and objective methods. The first category includes psychophysical methods which require active response from the patient [25, 34, 35] . These are also the most commonly used methods. The second group contains objective methods which require only minimal input from the patient [35] [36] [37] [38] [39] [40] [41] . At present there is no technique that could be characterized as a true "gold-standard" for the measurement of MPOD. Different studies have employed different subjective or objective measurement techniques, which is one of the main reasons why values for measured MPOD vary across research reported.
In 2010 Schweitzer and co-workers introduced a new simple objective method based on one-wavelength reflection fundus imaging. Despite the fact that the one-wavelength reflection method is a simplified one, significant correlation was found in comparison with the two-wavelength autofluorescence method for determination of the optical density of MP [42] . Considering this fact, the measurements in the current study were carried out based on using this objective method. The reproducibility of the one-wavelength reflection method has been tested before [42] .
MP measurement is generally affected by the density of the media as the light must travel through tissue, e.g., cornea, aqueous humor, lens, and vitreous. As previously established, these optical media scatter the light to a certain degree due to their biological configuration [43] . The scattering and absorption of the light due to this described effect increases with a rising patient age. It has long been recognized that it is in particular the crystalline lens that tends to influence the transmittance most strongly [44, 45] . Stray light of the crystalline lens is also known to increase with the patient age [46], e.g., in-vitro performed examinations of lenses from donor eyes showed larger scattering with increased degree of cataract [47] . Thus, the lens appears to be an important source of stray light and measurements of MPOD could be affected by, for instance, the light loss due to reflection and scattering by the dense lens [48, 49] . In addition, cataract absorbs the blue light which may affect the accuracy of MPOD measurement. For this reason, measurements of MPOD in cataract patients might be influenced by lens opacities. Previous investigations for MPOD measurements using autofluorescence spectrometry showed reduced signals in a 488-nm autofluorescence image by cataract presence [45, [50] [51] [52] [53] . Also the analysis of MP by Raman-scattering method [21, 54, 55] appears to be dependent on accurate data of the transmission of ocular media, in particular when older patients are tested. On the other hand, it is assumed that psychophysical techniques remain unaffected by individual differences in opacity of the crystalline lens, and could be used to measure the MPOD also in elderly patients, even in those with presence of cataract [56] . However, the results of different published reports are inconsistent. Therefore, this study aimed to compare MPOD measured by one-wavelength reflection method before and after implantation of blue-light filtering intraocular lens. A possible future correction of individual differences in pre-retinal light loss may be important to render MPOD more precisely.
To sum up, the main research questions of the study were concerned with the investigation of the influence of different grade of lens opacity and patient age on MPOD measurements, as well as the evaluation of the possible effect of cataract surgery on values of MPOD, by measuring MPOD of the same subjects before and after cataract surgery.
Methods

Patient characteristics
All subjects were recruited from a cohort of patients with a clinical indication for future cataract extraction. The subjects were invited to participate in the study while they were attending a consultation in the eye hospital. Prior to examination, written consent was obtained from each patient after careful explanation of the nature and consequences of the study, its voluntariness, as well as demonstration of the test procedure. As part of the study, all patients underwent the measurements described during their dilated fundus examination before and after cataract extraction.
The study was approved by clinical ethics committee of the Medical Faculty of Leipzig University, and adhered to the tenets of the Declaration of Helsinki. The recruitment of patients was conducted at the University Hospital Leipzig, Department of Ophthalmology from July 2011 to April 2012.
Inclusion criteria for the investigation comprised lens opacity with planned cataract surgery, alongside with the mandatory additional criterion of possible visualization of the retina and therefore permission of MP measurement, and good general health of the subject. During analysis, eyes with hereditary corneal dystrophy or central geographic atrophy, as well as those with choroidal neovascularisation and exsudative forms of AMD, were excluded from the study results. Patients who had no possibility to come to post-operative measurement were excluded as well.
In total, 86 eyes of 64 patients were included in the current analysis. Age ranged from 51.9 to 89.5 years, with a mean age (± SD) of 73.4 (±8.3 years). The male to female ratio was 28: 36, i.e., 35 male and 51 female eyes were enrolled in the study. In 22 patients, both eyes were considered cataractous, and MPOD was assessed in both.
Measurement of MPOD
All measurements were carried out in mydryasis (0.5 % tropicamide) in the examined eye. Subjects were asked to position themselves in front of the instrument, and then were instructed to remain steady, look straight ahead and fixate the green cross inside the camera with their tested eye. If the patients had low visual acuity and could not fixate, the outside fixation target was used for their non-tested eye. This is a standard procedure in ophthalmology. A sequence of three single measurements was taken, and for MPOD analysis an average of those was calculated for all parameters. MPOD was first measured once before cataract surgery, then the measurement was repeated 6-8 weeks after surgery. All patients participating in this study were examined by the same person.
For the current study, an objective one-wavelength reflection method measuring the MPOD by Visucam 500, Carl Zeiss Meditec AG was used. This method was previously described by Schweitzer et al. [42] . The main focus of attention in the current report is set on the maximal optical density (MaxOD) and the mean optical density (MeanOD) across all pixels, both measured in optical density units (ODU). It is generally known that with age the lens increases in thickness; stray light increases [46] and the crystalline lens becomes more opaque, which can lead to cataract. These influences can affect MP measurement by the one-wavelength reflection method. For this reason, an automatic age-dependent correction factor for the greyness level of the lens is implemented in the software of the instrument. The post-operative measurements were not affected by these artifacts due to the newly implanted clear lens. Therefore, the post-operative measurements were carried out by setting the"intraocular lens mode" without correction for the opacification of the lens.
Cataract surgery
All patients underwent planned standard phacoemulsification and implantation of a blue-light-filtering intraocular lens (Alcon SN60WF). All cataract extractions were performed by the same physician in the Department of Ophthalmology, University of Leipzig, on an outpatient basis. All patients had clear corneal incision, continuous curvilinear capsulorrhexis, phacoemulsification, and intraocular lens implantation in the bag. No complications were reported during the surgeries.
Statistical analysis
Descriptive and statistical analyses were subsequently performed using Minitab statistical software (version 14). Patient age of determined groups, as presented, was expressed as the mean ± standard deviation (SD). To describe and compare the MPOD values the median, lower (Q1), and upper (Q3) quartiles were specified. Correlation between the MPOD and age was evaluated by calculating Spearman's rank correlation coefficient ρ. To denote the strength of the linear association between two variables the coefficient of determination R 2 , expressed as a percentage, was calculated. To estimate the difference in MPOD levels between preoperative and postoperative measurements the non-parametric equivalent of a paired t-test, the Wilcoxon test for matched pairs, was carried out. Statistical significant level was set as p-values less than 0.05.
Results
The current analysis included 86 eyes of 64 patients recruited for the purpose of investigation of the relationship between MPOD values measured before and after cataract extraction. Significant differences in MPOD were found between preoperative and postoperative measurements analyzed. The results indicated a general tendency for lower MPOD measurement levels after cataract surgery. The main focus was placed on two parameters characterizing MP: the maximum optical density (MaxOD) and the mean of the optical density values (MeanOD). Figures 1 and 2 illustrate the results of MPOD measurements plotted as a function of age in years for all 64 observers. The filled circles represent the absolute values for MPOD obtained for each of the eyes included in the present investigation. Pre-operative MPOD measurements are presented in Fig. 1 , the post-operative data is depicted in Fig. 2 .
Pre-operative MPOD data of all 86 eyes ranged from 0.15 to 0. As presented in Fig. 1 , the pre-operative MPOD data contained a statistically significant age-effect. Spearman's correlation coefficient (ρ=0.79) of pre-operative MaxOD and patient age indicated an association (R 2 = 62.7 %). Spearman's correlation coefficient of pre-operative MeanOD and patient age was 0.81, which again presented an age affect in the data (R 2 =66.3 %). No significant age-dependence of MPOD, on the other hand, was found for pseudophakic eyes presented by postoperative measurements (Fig. 2 ). Spearman's correlation coefficient ρ of post-operative MaxOD and patient age was −0.19 (R 2 =3.6 %) and ρ of post-operative MeanOD and patient age was −0.18 (R 2 =3.2 %), i.e., no correlations were found.
Due to the fact of considerable individual variability of optical density values between subjects, the following analysis was carried out on the basis of a relative percentage change of optical density to allow cross-comparison. The main results of this analysis are represented in Table 1 . The median differences of MP density before and after cataract extraction are shown overall as a group and subdivided for different patient groups. Negative values of relative difference represent hte fact that the measured MPOD values post-operatively are less than the pre-operative ones.
The difference between MPOD levels in patients measured before and after cataract surgery was analyzed by the Wilcoxon test for matched pairs, a statistically significant difference between pre-and post-operative MaxOD and MeanOD measurements across all patients was found (p<0.0001). The post-operative decrease of optical density is represented by a median (Q1/Q3) decrease in MaxOD of 33.8 % (−46.2 to −19.1 %) and MeanOD of 44.0 % (−54.6 to −26.6 %).
In Fig. 3 , the relative difference of MPOD values for each eye was plotted against the patient age. Variations in density change among all subjects ranged from −72.0 to 58.9 % for MaxOD and from −76.5 to 27.8 % for MeanOD. Elderly patients presented larger differences between pre-operative and post-operative values with a tendency to lower postoperative values. There was a small correlation between the relative difference of MPOD and patient age. According to Spearman's ρ-test, the correlation co-efficient was −0.65 (R 2 = 41.6 %) for Max OD and −0.65 (R 2 =42.8 %) for MeanOD. In other words, with increasing patient age the relative difference of the MPOD also showed higher rates with a tendency to smaller MPOD values after cataract removal.
In order to investigate this relationship in more detail, patients were subdivided into groups by age (younger than 70 years of age and 70 years of age or older). Here, elderly In addition to the effect of patient age on the measurements obtained, the influence of the grade of density of the crystalline lens on the MPOD measurements was analyzed. To examine this effect, all tested eyes were subdivided into five groups according to the quality of pre-operative images. In this way, the cataract classification was conducted on the basis of the best pre-operative MPOD images. The following Table 2 summarizes the classification criteria employed.
Furthermore, the influence of patient age and classified lens opacity as a measure for cataract density on the MPOD data was investigated, and is summarized in Figs. 4 and 5. As demonstrated in Fig. 4 , elderly subjects (>70 years) showed a higher relative difference of MaxOD between pre-operative and post-operative data. In addition, the relative difference increased with increasing lens opacity. Similar relationships applied for all calculated parameters of MeanOD (Fig. 5) .
In summary, it should be noted, that statistically significant differences were detected between pre-operative and postoperative measurements. Classification based on patient age and pre-operative cataract opacity indicated larger differences in measured data for the elderly patients with progressed stage of cataract.
Discussion
To the best of our knowledge, the presented study is the first investigation on the influence of cataract surgery on MP measurement using the one-wavelength reflection method.
To evaluate the change of MPOD values, obtained before and after cataract extraction, the results of the Wilcoxon test provided the evidence that absolute pre-operative and postoperative MPOD differed significantly from each other. These findings do not reproduce the results of other related studies with heterochromatic flicker photometry [56, 74] , which had registered no significant differences in MPOD measurements taken before and after cataract surgery (mean pre-operative MPOD was 0,206±0.13 in comparison to mean postoperative MPOD of 0.18±0.12 [56] , and respectively 0.28± 0.17 to 0.27±0.16 [75] ). According to Ciulla et al., different types of cataract with varying opacity of the crystalline lens did not seem to have a measurable influence on MPOD [56] . Two further studies represented conflicting results. Demirel et al. found mean MPOD values of pseudophakic patients over 50 years of age to be in a similar range but statistically significantly lower than mean MPOD in either reference group of patients with clear lenses (younger and older than 50) when measured with heterochromatic flicker photometry [mean MPOD in patients with clear lenses was respectively 0.57±0.17 log units (younger than 50) and 0.528±0.203 log units (older than 50) in comparison to mean MPOD of 0.40± 0.18 log units in pseudophakic patients over 50 years of age] [75] . On the other hand, Sasamoto et al. measured MPOD with two-wavelength autofluorescence spectrometry in a group of 41 subjects (mean age of 71.6, SD±6.7 years) and observed a significant increase in MPOD after cataract extraction in those patients [mean pre-operative MPOD was 0.35 (0.313-0.388) in comparison to mean post-operative data of 0.6 ODU (0.562-0.637), which potentially could be due to their detector sensitivity setting in their study] [49]. The main potential reasons for such inconsistencies could be the difference between measurement methods. The data of the present study suggest that cataract strongly affected the measurement of MPOD by one-wavelength reflection method. Further sub-classification of tested eyes into groups according to patient age and lens opacification grade of pre-operative images aided examination of other important factors which could affect the MPOD measurements. Significant correlation with age was found for pre-operative measurements of MPOD in patients with cataract ( Fig. 1) . Since age is the major risk factor for the development of AMD, a possible agedependence of MPOD has been the subject of numerous studies over the years [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] . No clear conclusion has been reached on this question of age-dependence, primarily because of different methods employed across studies to measure MPOD. For example, Berendshot and Van Norren declared after comparing values measured with five different methods (heterochromatic flicker photometry, two setups for fundus reflectance spectroscopy, scanning laser ophthalmoscopy for obtaining MP reflectance, and scanning laser ophthalmoscopy for depiction of autofluorescence maps), that there was no significant age-effect influencing the optical density of the MP, only heterochromatic flicker photometry showed a slight decrease of MPOD with increasing age [57] . Similarly, Loan et al. found a small decrease of MPOD with increasing age when measuring MPOD by using heterochromatic flicker photometry [58] . On the other hand, Ciulla reported that even when elderly subjects with cataract and AMD are enclosed, MP measured with heterochromatic flicker photometry did not change significantly with age when analysed across the group [60] . A large number of other previous studies based on autofluorescence [60] , fundus reflectometry [61] , psychophysical methods [63] , or highperformance liquid chromatography [64] examined MPOD changes in relation to age. Although the results varied, the majority of the studies which reported on the age effect on MPOD presented with an age-related decline in MPOD [17, 21, 55, [64] [65] [66] [67] [68] [69] [70] [71] . Some other studies, on the other hand, which measured MPOD using high-performance liquid chromatography, fundus reflectometry or methods based on heterochromatic flicker photometry did not detect any age-related difference in MPOD [57, 63, 72, 73] , even when elderly subjects with cataracts were considered [60] . The discrepancy in results of the different studies may be related to differences in subject selection, methods of measurement, or size of the sample. Interestingly, in the present study, individual values for MPOD -when measured before cataract surgeryseemed to depend on age: a clear tendency for higher preoperative MPOD values with increasing patient age was shown (Fig. 1) . However, MPOD data of the same patients after cataract extraction provided results without any dependency on age (Fig. 2) . As described above, pre-operative measurements were carried out with a built-in correction factor accounting for increasing grayness level of the crystalline lens with increasing age, but post-operative measurements were performed by employing the so called "intraocular lens mode", i.e., without correction for opacification level of Table 1 Representation of comparison of macular pigment optical density measurements before and after cataract extraction. Measurements of macular pigment optical density were carried out before and after cataract extraction. The main focus of the analysis considered two parameters: the maximum optical density (MaxOD) and the mean of the optical density values (MeanOD). Results are represented as a median of the relative differences between each individual's pre-and post-operative measurements (relative difference of MaxOD and relative difference of MeanOD in %). The median differences of macular pigment optical density are shown overall as a group (in general for all included eyes) and subdivided for different patient selections (grouped by patient age, grouped by lens opacification grade, grouped by patient age and lens opacification grade). Negative values of relative differences represent the result of smaller post-operative MPOD values in comparison to the respective pre-operative dataset. The influence of age on the relative change in MPOD was investigated in two groups according to each patient's age (<70 and ≥70 years). Lens opacification grade is indicated numerically (1) (2) (3) (4) (5) according to the quality of pre-operative images. Number of eyes (n) represents the number of tested eyes. Patient age is expressed in years as mean (± standard deviation)
Relative difference of the MPOD
Variable
In general for all included eyes Grouped by patient age Grouped by lens opacification grade Grouped by patient age and lens opacification grade the lens. According to the fact that MPOD data determined post-operatively may in fact be closer to the true MPOD level of the respective patient eye, because of the absence of the main disruptive factor, the dense lens, it should be assumed that there is no real correlation between MPOD and patient age. Increasing MPOD values with age obtained during preoperative measurement procedure are therefore thought to be affected by the correction term incorporated into the built-in compensation mode. The corrective term integrated in the instrument employed in this study is based on an increase in grayness level of the lens with age, i.e., the patient's age determines the amount of correction employed [42] . The influence of this correction term therefore most likely resulted in the age-dependency of pre-operative measurements. Age dependency of relative MPOD differences from pre-to postoperative data (Fig. 4) and the larger change in elderly patients (≥70 years) which resulted when grouping by age (Fig. 5 , Table 1 ) may most likely also be attributed to the apparent dependency of age on individual pre-operative absolute values. The corrective term for age-dependent grey levels of the lens incorporated into the function of the instrument could be an explanation also for this behavior. Furthermore, similarly to results reported by Ciulla et al. [59] , the data of the present study showed that elderly patients do not have uniformly low MPOD density but display a full range of MPOD (Fig. 2) , a range that is similar to the younger population.
The lens is an important component of the optical pathway of the eye, and its density therefore plays a key role as it influences light transmittance [44, 45] . Due to this fact, the intensity of lens opacity became an important issue of consideration. Several previous studies have suggested that scattering of light in the lens increased with severity of cataract and rising patient age [46, 47, 76] . Furthermore, it is important to point out that also the degree and type of cataract were reported to play a significant role in the scattering of the light [47] and consequently possibly in the influence of lens opacity on MPOD measurements.
To determine the effect of different cataract density on MPOD measurements, the classification of grade of lens opacity could provide important insight. For this, pre-operative MPOD fundus images, were evaluated according to the quality criteria represented in Table 2 . Thus, the present investigation showed that the relative differences of MPOD increased with declining quality of the pre-operative images and consequently with increasing lens opacity. Sasamoto et al. provided an assessment of the effect of cataract on the evaluation of MPOD in elderly patients based on autofluorescence spectrometry. They Fig. 3 Scatter plot of the relative difference of MaxOD and MeanOD, expressed in percentage, as a function of age. A decrease from pre-operative to post-operative data is depicted by a negative relative change In agreement with their findings, the present study also established a correlation of greater opacification over the measured area (as outlined in Table 2 ) with larger differences in MPOD between pre-operative and post-operative measurements. Different grading schemes were applied in literature to grade lens opacification [78] [79] [80] [81] [82] . It has to be investigated which one provides the best correlation to MPOD measurements for future investigation to accurately account for the effect of the graying of the lens while taking MPOD measurements over time.
In conclusion, patient age and intensity of lens opacification were found to impact relative difference between pre-operative and post-operative measurements of maximum and mean optical density based on the one-wavelength reflection method.
Elderly patients with progressed stage of cataract in particular showed increased changes in MPOD values. These deviations may present a problem for MPOD monitoring over time, when increasing lens opacification influences MPOD over time during follow-up measurements and therefore disguising real changes in macular pigment. MPOD has been postulated to be a marker for protection of AMD [17, [19] [20] [21] [22] , and furthermore dietary changes have been monitored using MPOD [26, 27, [29] [30] [31] [32] [33] . However, longitudinally measured MPOD data using the one-wavelength reflection method, cannot provide reliable information about AMD disease progression or supplement success in cataract patients. Considering the fact of improbability of such significant changes of MPOD in such a short period of time (6-8 weeks in the present investigation between pre-and post-operative measurements), the discrepancy between determined values is thought to be largely due to an assessment problem. The results of this study suggest that lens Fig. 4 Boxplots of relative difference of MaxOD in % in relation to patient age and cataract opacity. Data is presented for each lens opacity group (1-5), see Table 2 . A decrease from preoperative to post-operative data is depicted by a negative relative change Fig. 5 Boxplots of relative difference of MeanOD in % in relation to patient age and cataract opacity. Data is presented for each lens opacity group (1-5), see Table 2 . A decrease from preoperative to post-operative data is depicted by a negative relative change opacification affected the measurement of MPOD by the onewavelength reflection method in a clinically significant way. Particular care should therefore be taken when evaluating MPOD using this method in elderly patients with progressed stage of cataract. Future optimization of correction parameters for lens opacification, ideally as an individual corrective measurement, could contribute to the reduction of the measured variation errors and aid the understanding of the influence of cataract, allowing a more precise evaluation of MPOD by the one-wavelength reflection method in future. 
